The role of mitochondria is indispensable for bioenergetics and for the regulation of physiological/signaling events in cellular life. Although TNF-$| induced oxidative stress and mitochondrial dysfunction are evident in several pathophysiological states, the molecular mechanisms coupled with impaired cardiac function and its potential reversal by drugs such as Tempol or Apocyanin, have not yet been explored. Here, we hypothesize that TNF-$ induced oxidative stress compromises cardiac function by altering the mitochondrial redox state and the membrane permeability transition pore (MPTP) opening, thereby causing mitochondrial dysfunction. We measured the redox states in the cytosol and mitochondria of the heart to understand the mechanisms related to the MPTP and the antioxidant defense system. Our studies demonstrate that TNF-$ induced oxidative stress alters redox homeostasis, by impairing the MPTP proteins ANT and VDAC, thereby resulting in the pore opening, causing uncontrolled transport of substances to alter mitochondrial pH, and subsequently leading to dysfunction of mitochondria and attenuated cardiac function. Interestingly, we show that the supplementation of Tempol along with TNF-$ restores mitochondrial and cardiac function.
INTRODUCTION
The possible role of tumor necrosis factor (TNF-$), a potential cytokine (an inflammatory marker and a signaling molecule), in the settings of cardiac hypertrophy / dysfunction and end stage heart failure has been reported in experimental models and human patients (3, 11, 19, 21, 22, 37, 45) . Although TNF-$ induced oxidative stress and mitochondrial dysfunction is evident in several pathophysiological states, its molecular mechanisms and functional significance in target tissue (heart) damage remain unknown. Previous studies have demonstrated the biochemical mechanisms associated with TNF-$ and its direct toxic effect in several disorders including LV dysfunction, cardiomyopathy, and pulmonary edema in human patients (26, 33, 36, 42) . Additional investigations have used single bolus or continuous infusions of TNF-$ to examine the dose dependent effects of TNF-$ on cardiac metabolism, LV dysfunction, and cardiac remodeling in various animal models (4, 5, 18, 24) . However, these studies failed to map out the causal relationship with TNF-$ induced oxidative stress and organelle dependent mechanisms for the progression of hypertrophy and end stage heart failure. TNF-$, besides being a marker of heart failure, could be causally linked to the pathogeneses of both cardiac hypertrophy and cardiomyopathy, as it has been shown to be a potential inducer of oxidative stress under several pathological conditions. The myocardium is a dynamic tissue that normally generates reactive oxygen species (ROS) as part of its physiological process. The resultant toxic radicals produced during cardiac metabolism are subsequently quenched by intracellular defense mechanisms. An overproduction of oxidants could compromise the defense system, induce pathophysiological signals, and impair the overall function of the cardiac tissue. TNF-$ is reported to stimulate ROS production by several mechanisms including its direct toxic phenomena and its effects on mitochondrial function (20, 24, 27, 34) . It has also been suggested that ROS production via NADPH oxidases is associated with increased levels of angiotensin II and TNF-$ (16, 28, 34) . However, the potential implications of an acute infusion of TNF-$ in the progression of LV dysfunction are not clear at the molecular level. Since mitochondria are the potential source for ROS, and NADPH oxidases are prime catalysts for the generation of ROS, it is highly critical to understand both the mechanisms linked to mitochondrial function and the role of NADPH oxidases in propagating TNF-$ induced oxidative stress and cardiac dysfunction.
Considering the well-known facts related to TNF-$ induced change in the mitochondrial redox state and the associated damage to mitochondria, we hypothesize that TNF-$ induced oxidative stress could compromise cardiac function by altering the mitochondrial redox state and the membrane permeability transition pore (MPTP) opening, and by causing subsequent dysregulation of mitochondrial defense mechanisms. Further, to validate our hypothesis, we have used a gain of function strategy by blocking NADPH oxidase using Apocyanin, a wellcharacterized inhibitor of NADPH oxidase, or by scavenging the superoxide pool using Tempol, a potential quencher of ROS. We have also examined whether the actions of NADPH oxidase are inevitable in the context of TNF-$ induced oxidative stress and its associated mitochondrial dysfunction.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats weighing 325-350g were used for the study. Animals were housed in temperature (23 ± 2°C) and light-controlled (lights on between 7 AM and 7 PM) animal quarters and rat chow and water were provided ad libitum. All experimental procedures were approved by the Louisiana State University Institutional Animal Care and Use Committee.
Experimental protocol
Rats were treated with TNF-$ (40 µg /kg, intraperitoneally), TNF-$ + Apocyanin (200 micromolar/kg, orally), or TNF -$ + Tempol (300 micromolar/kg, orally), for 5 days. Control animals were injected with 0.9% normal saline. On day 5, left ventricular (LV) function was measured using echocardiography; subsequently, rats were sacrificed and the left ventricle was removed for gene expression, biochemical and mitochondrial assays. The structural integrity of the mitochondrial membrane was measured using swelling assay, Western blotting, TEM analysis, and antioxidant status.
Echocardiographic assessment of LV function
Transthoracic echocardiography was performed as previously described (13) . A Toshiba Aplio SSH770 (Toshiba Medical, Tustin, California) fitted with a PST 65A sector scanner (8 MHz probe) was used, which generates two dimensional images at a frame rate ranging from 300-500 frames per second. LV dimension (LVD) was measured using m-mode. LV fractional shortening (FS %) was calculated using the following equation: FS % = [(LVDD-LVESD)/LVEDD] x 100.
Tei index was determined from Doppler recordings of LV inflow and outflow as described previously (10) .
Blood Pressure in TNF-induced oxidative stress
Blood pressure measurements were obtained for all experimental animals using the tail-cuff method using a Coda 6 rat tail blood pressure machine (Kent Scientific Corporation). Blood pressure was measured once daily for 5 days during the treatment period. Rats were preheated in a chamber at 31 °C for 10 min, and then placed in plastic restrainers. A cuff with a pneumatic pulse sensor was attached to the tail. Rats were allowed to habituate to this procedure for 3days before experiments were performed. BP values were recorded on excel sheet and were averaged from at least six consecutive cycles obtained from each rat.
Detection of ROS in the heart
Superoxide generation was assessed via the conversion of dihydroethidium (DHE) to ethidium.
Rats received an intracardiac injection of DHE at a dose of 80 µg/kg body weight. Hearts were harvested, placed into freezing mold with Tissue-Tek® OCT (Sakura Finetek, Torrance, CA), snap frozen with liquid nitrogen, sectioned on a cryostat, and placed on slides. Cryosections (12 µm) were immediately viewed and imaged under epifluorescence with a Zeiss Axiovert 200 microscope using an Ethidium Bromide (EtBr) compatible filter set (Chroma Filters #41006); images were captured with an Olympus Q Capture 5 camera and Q Capture Pro software.
Protein Carbonyl and SOD Assays
Protein carbonyls were measured as described previously (41) . SOD levels were measured using a SOD assay kit (Dojindo Molecular Technologies, Japan), following procedures provided by the manufacturer.
Measurement of serum TNF-; levels
TNF-$ concentrations in rat plasma were determined by using a rat TNF-$ immunoassay kit (Biosource, USA), following procedures as described previously (14) . Plasma TNF-$ levels were measured on day 5 after intraperitoneal (ip) injection of TNF-$.
Measurement of mitochondrial permeability transition pore opening in isolated cardiac mitochondria
Heart mitochondria were isolated by a differential centrifugation technique of heart homogenates as described previously (40) . Opening of the pore causes mitochondrial swelling, which results in reduction of absorbance at 540nm (A 520 ). Mitochondrial permeability transition (swelling assay) was monitored as changes at 540nm time course with 250 µg mitochondrial protein in the swelling buffer, which contains (in mmols/L): 120 KCl (pH7.4), and 5KH 2 PO 4 . Mitochondrial permeability transition was measured either in absence or presence of 50µm Ca
2+
.
Western blot analysis
Left ventricular tissue mitochondrial ANT protein content was determined by Western blot. The immuno-reactive proteins were visualized with rabbit anti-goat IgG (anti-ANT antibody), goat anti-rabbit IgG (anti-VDAC antibody), all horseradish peroxidase (HRP) conjugated and used in a dilution of (1:20000). The band intensities were quantified using Kodak ID 3.6 imaging system and normalized with GAPDH. Densitometry analysis was performed using NIH image J software.
Electron microscopy studies
Ultrastructural examination of isolated mitochondrial preparations was performed as described before (29) using electron microscopy. Mitochondrial pellets were immediately fixed in a 2.5% solution of glutaraldehyde. Pellets were then fixed in a 1% solution of osmium tetroxide. The fixed mitochondria were embedded in Epon-Araldite. Ultrathin slices (0.1 µm thick) were obtained, stained with uranyl acetate and lead citrate and examined in a Joel 100 CX electron microscope at 80kV accelerating voltage and film magnification.
Biochemical Assays
For various enzyme assays, heart tissue samples were homogenized in ice-cold, enzyme-specific homogenization buffer (tissue: buffer ratio, 1:10 w/v). The homogenates were centrifuged at 12,000g at 48º C for 10 min, and the resulting supernatant aliquots were stored at -80º C until use. Protein concentration was determined according to the Bradford method using BSA as the standard. GSH/GSSG, superoxide dismutase, and glutathione peroxidase concentrations were determined in tissue homogenates and in isolated mitochondria by use of a commercially available kit (Cayman chemicals). All assays were run in triplicate and averaged to obtain a mean value per sample.
Determination of catalase activity
Catalase activity was measured by the method of Beers (1) . Briefly, a 0.1 ml tissue homogenate and isolated mitochondria were added to a cuvette containing 1.9 ml of 50 mM phosphate buffer, 
RNA isolation and real-time RT PCR
Total RNA was extracted from the LV using TRIzol reagent (Invitrogen), and reverse transcribed using oligo dT and reverse transcriptase. Expression levels of Nox1, gp91phox, and TNF-$ mRNA were determined using specific primers (Table 1) . GAPDH was used as a housekeeping gene. Real-time RT-PCR (qRT-PCR) was performed in 384 well PCR plates using Bio-Rad PCR Master Mix (iTaq SYBR TM Green Supermix with ROX) and the ABI Prism 7900 sequence detection system (Applied Biosystems).
Immunocytochemical localization of TNF-; and Nox subunits
For immunocytochemistry, samples were processed using standard protocols. The sections were treated with respective primary antibody Nox1 (1: 100 dilution), gp 91 phox (1: 100 dilution) and TNF-$ (1:100 dilution) (Santa Cruz Biotechnology) and incubated overnight at 4º C. Then, sections were washed twice in PBS and incubated with the secondary antibody, a peroxidase conjugated IgG antibody, for 30 minutes. Bound antibodies were detected with streptavidinperoxidase complex using 0.2 mg/ml 3, 3'-diaminobenzidine tetrahydrocholride in PBS containing 0.003% hydrogen peroxide. Negative sections were incubated with secondary antibody alone.
Statistical analysis
Values are expressed as mean ± S.D. for eight animals in each group from each experimental setup. Analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test was performed using GraphPad Prism version 4.00 for Windows, (GraphPad Software, San Diego, California, USA), to determine differences between groups subjected to repeated measures.
Statistical significance was acceptable to a level of p < 0.05.
RESULTS
Effects of Tempol and Apocyanin on LV structure and function
Echocardiography revealed that LV dimensions (LVD) were larger in TNF-$ treated rats, and in rats treated with TNF+Apocyanin group, when compared to all other groups (Table 1) .
Fractional shortening (FS) was decreased in TNF-$ treated and TNF-$ +Apocyanin treated rats relative to that of controls. Tei index, an indicator of diastolic dysfunction, was increased in TNF-$ treated compared to control rats. Treatment with Tempol attenuated changes in these parameters. The changes produced by Apocyanin were relatively small and statistically insignificant compared with the control group.
Effects of Tempol and Apocyanin on blood pressure
Blood pressure measurements were obtained for all experimental animals during the 5 day treatment period .Treatment with TNF and other drugs did not have any effect on blood pressure parameters (Fig 1) .
Effects of Tempol and Apocyanin on DHE fluorescence (indicating superoxide levels)
Superoxide anions were detected by DHE and their levels in heart were compared in control and TNF-$ treated rats. As illustrated by representative images ( Fig.2A) , the DHE-labeled nuclei in the hearts of TNF-$ induced rats contained significantly higher superoxide levels than nuclei of control rats. Treatment of TNF-$ treated rats with Tempol completely blocked superoxide ions and decreased the DHE signal, suggesting an inhibition of superoxide generation, whereas Apocyanin treatment only partially inhibited the formation of superoxide ions. These findings provide evidence that cardiac dysfunction associated with oxidative stress may be largely triggered by TNF-$, mediated by superoxide ions, and restricted only partially by Apocyanin treatment and completely with Tempol treatment.
Effects of Apocyanin and Tempol on cytosolic protein carbonyl content
In order to assess the degree of protein carbonylization in TNF-$ induced oxidative stress, protein carbonyl content formation was determined (Fig. 2B ). Protein carbonyl content was significantly higher (1.57 ± 0.01 arbitrary units) in the TNF-$ treated rats compared with the control group (0.099 ±0.008 arbitrary units). This increase in the protein carbonyl content was significantly attenuated (1.06 ± 0.01 arbitrary units and 1.16 ± 0.01 arbitrary units, respectively) in the TNF-$ rat groups treated with Tempol and Apocyanin.
Effects of Apocyanin and Tempol on cytosolic superoxide dismutase levels
The levels of cytosolic superoxide dismutase in the heart tissues of control and experimental animals are shown in Fig. 2C . Tempol strongly scavenged superoxide radicals and also suppressed hydroxyl radicals, thereby exhibiting significant reductions (7.72 ± 0.05 units/mg protein) in SOD levels when compared to TNF-$ (14.39 ± 0.12 units/mg protein). Tempol or Apocyanin treatment attenuated the increase in SOD levels; these results suggest a difference in the mechanistic actions of Apocyanin and Tempol. These results were further confirmed by Western blot and densitometric analysis to quantify SOD levels (Fig. 2D) .
Elevated circulating levels of TNF -;
The effects of Tempol and apocyanin on plasma TNF-$ levels in TNF-$ treated rats are shown in Apocyanin returned TNF-$ expression to control levels ( Fig.3B and 3C ).
TNF-; mediated oxidative stress induces MPTP opening against calcium challenge
To determine the effects of Tempol and Apocyanin on TNF-$ mediated oxidative stress, MPTP opening was induced against a 50µM calcium challenge. When mitochondria are exposed 50µM calcium concentrations, especially when accompanied by oxidative stress, they undergo massive swelling. As demonstrated in Fig. 4A and 4B, the extent of the swelling was higher in 50µM 
Depletion of ANT protein in the heart mitochondria -relevance for mitochondrial dysfunction
Western blotting analysis of left ventricular tissue from control TNF-$ treated rats was evaluated to assess protein content of ANT and the voltage-dependent anion channel (VDAC). Figs. 5Aand 5B show treatment-related differences in ANT and VDAC content. TNF-$ induced rats exhibited a significant decrease in ANT content, in comparison to control and TNF-$ +Tempol treated groups. Significant differences were also found in VDAC content between the groups. In the TNF-$ +Apocyanin treated group, ANT protein levels were not restored. In the TNF-$ +Tempol treated group, ANT protein levels were restored to near that of controls. These results further support the assertion that Tempol is protective at the mitochondrial level, while Apocyanin is only protective at the cytosolic level.
Ultrastructural details of mitochondria
The morphological changes of mitochondria isolated from left ventricular heart tissue are shown in Fig. 5C . Normal mitochondria with double membranes were observed in control rats. Cristae were observed to lie parallel from one periphery to the other. Conversely, disorganization and degeneration of mitochondria was observed in TNF-$ treated rats. Cristae were absent in a few mitochondria and a few showed dilation. Loss of architecture was also seen, indicating the beginning of degeneration. In contrast, mitochondria from the TNF-$ + Tempol treatment group showed maintenance of structural integrity and preservation of cristae architecture when compared to mitochondria from the TNF-$ + Apocyanin treatment group. These ultrastructural findings reinforce the overall protective effect of Tempol.
Effects of Apocyanin and Tempol on antioxidant parameters Antioxidant evaluation in tissue GSH/GSSG:
Glutathione (reduced and oxidized) contents of tissue homogenates and mitochondria were examined in the control and TNF-$ treated groups (Table 3) Fig 6C and 6D display the levels of antioxidant enzymes in isolated mitochondria from the heart. Activities of the mitochondrial enzymes glutathione peroxidase (Fig.6C) and catalase (Fig.6D) were significantly decreased in TNF-$ treated rats (165.36 ± 1.39 nmol/min/mg protein and 10.43 ± 0.83 units/min/mg protein, respectively). Tempol restored the activities of GPx and catalase to levels close to control levels (305.2 ± 1.47 units/min/mg protein and 17.09 ± 0.4 units/min/mg protein, respectively). TNF-$ rats treated with Apocyanin showed decreased levels of GPx (222.08 ± 2.72 units/min/mg protein) and catalase (7.89 ± 0.66 units/min/mg protein) when compared to GPx and catalase levels of control rats (305.2 ± 1.48 units/min/mg protein, and 17.08 ± 0.41 units/min/mg protein, respectively). These results clearly suggest that Apocyanin preserves antioxidant levels only at the level of the cytosol, and not at the mitochondrial level, while Tempol preserves antioxidants at both levels.
Antioxidant evaluation in mitochondria
Effects of Tempol and Apocyanin on TNF-; induced increase in gp91phox and Nox1 mRNA and protein expression
To further determine whether TNF-$ induced oxidative stress was accompanied by an increase in the NADPH oxidase subunits gp91phox and its homologue Nox1, levels of these subunits were measured using real time RT-PCR for mRNA in heart tissues of all study groups. TNF-$ treatment induced an increase in the mRNA levels of gp91phox ( Immunocytochemistry also revealed an increase in expression of gp91phox, and Nox1 in TNF-$ treated group when compared to control (Fig. 7B and 8B) ; this upregulation was blocked by both Tempol and Apocyanin.
DISCUSSION
Redox signals play vital roles in the pathogenesis of acute and chronic stress conditions by mediating the expression patterns of proteins and genes associated with redox balance. Here, we report on TNF-$ mediated oxidative stress and its possible mechanistic link to the progression of cardiac dysfunction. In the present study, administration of TNF-$ resulted in a marked increase in ROS generation and protein carbonylation in the myocardium of rats. It also decreased myocardial intracellular GSH and GSSG biosynthesis. These observations are suggestive of severe oxidative stress in cardiac tissue, and this stress could intensively affect the role of the heart. Further, phenotypic changes associated with TNF-$ induced oxidative stress included the suppression of LV function after 5 days of TNF-$ treatment. These interesting findings reveal a stable phenotypic validation in the rat heart due to TNF-$ induced oxidative stress. We then expanded our experiments to investigate the mechanisms related to (i) TNF-$ induced oxidative stress and the cardiac defense system, and (ii) the molecular events coupled with TNF $ induced oxidative stress and the NADPH oxidase system.
To elucidate the possible link between TNF-$-induced production of ROS, oxidative stress, and proinflammatory cytokine expression, we pharmacologically inhibited NADPH oxidase using Apocyanin and scavenged H 2 O 2 and O 2 .-using Tempol (a stable radical) which permeates biological membranes and functions as an intracellular scavenger of superoxide ions and other radicals. We found that Tempol prevents mitochondrial damage and subsequent mitochondrial superoxide scavenging activity that can remove superoxide radicals from both mitochondrial and cytosolic origin to maintain the cellular redox status; this is the mechanism by which Tempol exerts its protective role against TNF-$ induced oxidative stress.
It is well documented that TNF-$-induced oxidative stress in rat heart exerts its toxicity by altering the antioxidant defense state in cells (2, 22, 25, 27) . However, the underlying mechanisms are still not clear. Administration of TNF-$ to rats significantly decreased GSH content and led to an increased redox (GSH/GSSG) ratio, indicating a direct toxic effect of TNF-$ on the defense state of the heart tissue. This was also reflected at the level of protein oxidation, determined as protein carbonyl content. Interestingly, the effect of TNF-$ is prevented by either Tempol or Apocyanin suggesting that TNF-$-mediated oxidative stress seems to occur through the generation of excess ROS, which in turn are quenched by a series of reactions that utilize the intracellular GSH pool. These data confirm that Tempol and Apocyanin both exert antiinflammatory properties and clearly demonstrate that these drugs restore the redox state by reducing ROS generation via various Nox isoforms. Altogether, these observations explain, at least partially, a vital role played by Nox isoforms in the generation of ROS upon TNF-$ infusion. Our immunohistochemistry results directly demonstrate evidence for increased translational products of Nox1 and gp91phox in TNF-$ treated heart tissues, and decreased translational products of Nox1 and gp91phox in heart tissues of rats treated with Tempol.
Previous reports have revealed an authentic role for various Nox isoforms in the process of ROS generation and antioxidant impairment (11, 15).
Our data demonstrate that increased TNF-$ levels and decreased intracellular GSH levels in the heart tissue are consistent with profound oxidative stress and mitochondrial dysfunction.
The coordinated regulation of mitochondrial function always depends on its membrane potential and permeability properties (17, 43, 44) . Mitochondria have the unique ability to selectively permit various components to pass through their membranes via the membrane permeable transition pore (MPTP) opening (7, 32) . To confirm that mitochondrial dysfunction and the hyper-activation of MPTP are associated with the TNF-$ altered redox state, we induced mitochondrial swelling after isolating intact mitochondria from control and TNF-$ treated rat hearts. We have noted that dysregulation of antioxidant mechanisms rapidly leads to altered mitochondrial MPTP opening and MPTP structure; similar observations have been made in mitochondria isolated from cardiomyopathic hearts (35) . We hypothesize that the increased mitochondrial swelling due to altered MPTP opening could be related to various MPTP complex proteins, namely cyclophilin-D, ANT, and VDAC (30, 31) . The decreased expression of ANT, a protein species seen in our Western blots using isolated mitochondrial protein extracts from TNF-$ treated rat hearts, indicates disorganization of MPTP and demonstrates its direct consequence on mitochondrial permeability. These observations are further strengthened by ultrastructural studies on isolated mitochondria using electron microscopy. Mitochondrial membrane damage and swelling are evident in rat hearts exhibiting TNF-$ induced oxidative stress. Our data on antioxidant levels and defense enzyme activities in both the cytosol and mitochondrial fractions further underscore the parallels between oxidative stress and the expression of VDAC and ANT proteins. The functions of these proteins in the oxidative stress response are unclear, but our results augment the possibility that changes in these proteins have a direct impact on MPTP function. Our future interests include investigating the acute toxic effects of supra-normal levels of TNF-$ in heart tissue and the resulting effects on mitochondrial MPTP protein degradation. However, increasing evidence supports the dependence of mitochondrial defense mechanisms on the cytosolic pool of reducing equalants such as GSH. Furthermore, depletion of these equalants in the cytosol has direct consequences on the mitochondrial redox state. In the current study, both the cytosolic and mitochondrial redox states are significantly altered due to TNF-$ administration and oxidative stress. An important question concerning the potential role of TNF-$ induced oxidative stress on the mitochondrial defense state in heart tissue is valid in the context of progression of hypertrophy and cardiac dysfunction Previous studies have demonstrated that cardiac hypertrophy and dysfunction are believed to be correlated with increased oxidative stress (35) . In vitro studies have reported a direct role for TNF-$ mediated mitochondrial GSH depletion in HUVEC cells via generation of excess ROS and subsequent quenching of antioxidant species (6) . Decreased GSH content in TNF-$ treated rat mitochondria could also account for the limited uptake of GSH from the cytosolic pool, as carrier proteins that facilitate GSH transport are damaged. Importantly, we suspect the decreased total GSH content in this organelle might be the direct result of decreased and damaged mitochondrial number in the TNF-$ treated group. However, at this point, it is unknown how early an acute infusion of TNF-$ could deplete intracellular GSH and its transport into the mitochondria. It is also unclear how early antioxidant imbalance is reversed by Tempol or Apocyanin.
The increase in TNF-$ levels is due to ROS generation, which occurs upstream of NFZB activation and acts as an intracellular signal by changing the redox status of the cell. The resulting translocation of NFZB into the nucleus is proposed to be proinflammatory, either directly or indirectly leading to a significant increase in TNF-$ production, as well as inducing the inflammatory response (12, 23, 38) . Hence, TNF-$ treated animals exhibit enhanced production of TNF-$, while Tempol treated animals exhibit decreased TNF-$ levels. This 
CONCLUSIONS
In summary, we demonstrate that TNF-$ administration induces mitochondrial dysfunction by depleting cytosolic and mitochondrial antioxidants, resulting in altered cardiac function. Further, Tempol, an SOD mimetic, can mitigate oxidative stress, improve mitochondrial structural integrity, and restore intracellular and intra organelle redox status, thus restoring cardiac function, whereas Apocyanin does not restore TNF-$ induced mitochondrial oxidative stress.
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